Successful motor performance relies on our ability to adapt to changes in the environment 1 by learning novel mappings between motor commands and sensory outcomes. Such 2 adaptation is thought to involve two distinct mechanisms: An implicit, error-based component 3 linked to slow learning and an explicit, strategic component linked to fast learning and 4 savings (i.e., faster relearning). Because behaviour, at any given moment, is the resultant 5 combination of these two processes, it has remained a challenge to parcellate their relative 6 contributions to performance. The explicit component to visuomotor rotation (VMR) learning 7 has recently been measured by having participants verbally report their aiming strategy used 8 to counteract the rotation. However, this procedure has been shown to magnify the explicit 9 component. Here we tested whether task-specific eye movements, a natural component of 10 reach planning-but poorly studied in motor learning tasks-can provide a direct read-out of 11 the state of the explicit component during VMR learning. We show, by placing targets on a 12 visible ring and including a delay between target presentation and reach onset, that 13 individual differences in gaze patterns during sensorimotor adaptation are linked to 14 participants' rates of learning and can predict the expression of savings. Specifically, we find 15 that participants who, during reach planning, naturally fixate an aimpoint, rotated away from 16 the target location, show faster initial adaptation and readaptation 24 hrs. later. Our results 17 demonstrate that gaze behaviour can not only uniquely identify individuals who implement 18 cognitive strategies during learning, but also how their implementation is linked to 19 differences in learning. 20 2
naturally directed to the target before initiation of the hand movement to improve spatial 40 its center was within 2 cm of the center of the start position. After the cursor was held within 26 the start position for 500 ms, a red target circle (5 mm radius) and 64 outlined grey 27 'landmark' circles (3 mm radius, spaced 5.625º apart) were presented on a ring with a radius 28 of 10 cm ( Figure 1B ) after a 100 ms delay. The target was presented at one of eight 29 locations, separated by 45° (0, 45, 90, 135, 180, 225, 270 and 315°), in randomized sets of 30 eight trials. As outlined below, the subsequent trial events depended on the trial type. 31
32
In no-report trials (used in Experiments 1 and 2), the target initially appeared as an outlined 33 circle, and participants were given a target preview of 2 s before the target filled in, which 34 served as the cue for participants to initiate their reach. In no-report, no-preview trials (used 35 in Experiment 3), the target appeared as a filled circle and participants were instructed to 36 initiate their reach immediately when the target appeared. In report trials (used in Experiment 37 1), the target was an outlined circle and the visual landmarks were numbered. Participants 38 7 trials, and all 320 trials in the rotation block were no-report trials. To examine savings when 80 re-exposed to the visuomotor rotation, participants performed two identical testing sessions 81 separated by 24 hours. 82
Experiment 3: No Preview 83
We tested a third group of participants to examine the extent to which the implementation of 84 an aiming strategy, and the occurrence of fixations at the aimpoint, depends on having a 85 target preview period, as previous studies have shown strategic aiming is effortful, especially 86 at short preparation times (Leow et al., 2017) . The experiment was the same as the No 87
Report experiment (Experiment 2) except that all of the trials in the baseline, rotation, and 88 washout blocks were no-report, no-preview trials, and participants only performed a single 89 testing session. Our instructions did not stress reaction time, but they emphasized that 90 participants had to make a single, fast, uncorrected reaching movement slicing through the 91 rotation, hereafter called the 'hand target'. Fixations at locations outside these three areas 134 were very rare. 135
136
To examine task-relevant gaze fixations over the course of the testing session, we only used 137 fixation angles between 75 and 125% of the target distance. During the preview period on 138 rotation trials, gaze typically shifted to the visual target briefly after its appearance, and from 139 there gaze shifted, often over two or three saccades, towards the hand target (see Figure 2A  140 and B for an example). Therefore, we selected the fixation angle closest to the hand target, 141 discarding fixations within the target area, to obtain a single measure of the putative 142 'aimpoint fixation angle' for each trial. The darker colored dots in the third column of Figure 3  143 show the fixations selected using this procedure. For group analyses, the resulting fixation 144 angles were averaged across sets of eight trials, for each set that contained at least two 145 'aimpoint fixations'. 146 147 Gaussian model fitting. Our hypothesis that gaze patterns can provide a readout of the 148 explicit component predicts that the distribution of each participant's fixation locations should 149 be bimodal, with a peak at the angle of the visual target, and a second peak at the 150 participant's putative aiming angle. A peak at the aiming angle occurred in the majority, but 151 not all participants. To test for possible differences in learning curves between participants 152 that did or did not exhibit aimpoint fixations, we divided our participants into subgroups of 153 'aimpoint fixators' and 'target-only fixators'. To do this, we first created, for each participant in 154 Experiment 1 and 2, a histogram of all fixation angles at 75 to 125% target distance during 155 the preview phase of the trials in the rotation block (see Figure 3) , excluding the first 40 trials 156 wherein the explicit component changes rapidly (see Figure 4 ; Taylor et al., 2014). The 157 center of the histogram bins corresponded to the angles of the landmarks, and the width of 158 the bins corresponded to the angular distance in between each two landmarks, such that 159 each bin was 5.625º wide. We used the 'fit' function in the MATLAB curve fitting toolbox toperform a nonlinear least squares fit of a mixture of two Gaussian curves to the bin counts y, 161 according to: 162
where a 1 The starting value for a was set to half of the total bin count, and the starting value for c was 166 set to 6 based on initial, unconstrained fits. We set the starting value for b 1 to zero (i.e., the 167 visual target), and for b 2 we used starting values around the mean of the reported aiming 168 direction in the Intermittent Report task (mean±SD: -23.3±7.6; starting values [-30, -28, -26, -169 24, -22, -20, -18, -16]). We selected the fit with the highest variance explained by the model. 170
Participants were categorized as 'aimpoint-fixators' if the fitting procedure returned two 171 significant Gaussians (see Figure 3A) ; that is, the 95% of the confidence interval of the 172 means b1 and b2 did not overlap, and the confidence interval of b 2 was outside of the center 173 histogram bin. Otherwise, participants were categorized as target-only fixators, in which case 174 a single Gaussian curve was fit to the bin counts (see Figure 3B ). For three participants in 175 Experiments 1 and 2 the confidence interval of the mean of the best fit unimodal curve for 176 one of the days was outside of the center bin. 
Results

1
The goal of our study was to assess whether gaze behaviour, a natural component of reach 2 planning, can be reliably used to probe both the implementation and state of cognitive 3 strategy use during visuomotor rotation learning and relearning 24 hours later. We predicted 4 that gaze fixations, prior to reaching on each trial, would closely track participants' verbally 5 reported aiming direction, as assayed on separate trials (Experiment 1). Upon establishing 6 this link, we further predicted that gaze fixations, in the absence of any verbal reporting, 7
would provide a unique means of identifying individuals using cognitive strategies 8 (Experiments 2 and 3). In all three experiments, we predicted that gaze behaviour would be 9 directly related to individuals' rate of visuomotor adaptation and expression of savings . 10
The first experiment contained two separate sessions, separated by 24 hours, of baseline 12 reaches with veridical cursor feedback, adaptation to a 45º visuomotor rotation of the cursor 13 feedback, and washout with veridical feedback. During the rotation block, in 25% of trials, 14 participants were asked to report the number of the landmark they planned to aim their hand 15 to for the cursor to hit the target. We extracted patterns of gaze fixations in the remaining 16 75% of trials. As shown in Figure 2A and B, typical gaze behaviour involved first shifting 17 gaze from the start position to the visual target at about 200 to 300 ms following target onset. 18
Next, gaze often shifted to a position somewhere in between the visual target and the hand 19 target for two to three fixations. Thereafter, gaze typically remained either in the aimpoint 20 area or shifted back to the visual target before the onset of the reach. Figure 2C angles obtained by subtraction of the reported aiming angles from the hand angles, and 62 fixation angles closest to the hand target during the target preview period. All angles are 63 averaged across sets of eight trials and across subjects classified as aimpoint fixators (i.e., 64 differences with the exception that they generally reflected the tendency for aimpoint 83 fixations to be magnified on day 2.] To directly assess the relationship between learning and 84 fixation angle, we computed a correlation, across participants, between the mean hand 85 angle and mean fixation angle during early learning on both days (i.e., trial sets 2-10 of the 86 rotation block). As shown in Figure 4C , this revealed a positive linear relationship on day 1, 87 but not on day 2. We suspect that the lack of a correlation on day 2 might reflect the fact 88 that, due to day 1 learning, the variability across subjects in hand angles was much smaller 89 on day 2 than on day 1. Figure 6A and B  163 show the raw hand angles, fixation angles, and hand reaction times of two such participants. 164
One participant ( Figure 6A ) appeared to implement an aiming strategy about half way 165 through the rotation block whereas the other ( Figure 6B ) implemented an aiming strategy at 166 the start of the rotation block. Unlike in the first two experiments, however, aimpoint fixations 167 generally did not persist throughout the entire rotation block, but were only expressed at 168 what appears to be the start of the implementation of a aiming strategy, as judged from 169 corresponding fast changes in hand angle. As can be seen in the third column of Figure 6A  170 and B, fixating an aimpoint came at the cost of a higher reaction time. The right column of 171 Figure 6A and B show the relation between the selected fixation angle and the hand reaction 172 time for both participants. On average, the aimpoint fixators showed a significant negative 173 relationship between selected fixation angle and reaction time of the hand movement 174 (mean±SEM r=-0.34±0.07, one-sample t-test against zero t(4)=-4.95 p=.008). 175 176 Figure 6C shows the endpoint hand angles averaged across the subgroup of five aimpoint 177 fixators and seven target-only fixators. As in Experiment 2, adaptation and washout were 178 faster for the aimpoint fixators than for the target-only fixators, although this difference was 179 only statistically significant early in the washout block. The lack of significant differences in 180 the rotation block was due to the example participant shown in Figure 6A , who started off as 181 a slower learner, but halfway through the rotation block began implementing an aimpoint 182 fixation strategy, thereby quickly reducing their errors. 183
184
To summarize, we found that even without a brief, instructed preview period of the visual 185 target, nearly half the participants still fixated an internal aimpoint location, which, while 186 resulting in faster adaptation, came at the cost of longer reaction times. Notably, in these 187 aimpoint fixators, fixations further away from the visual target (i.e., a greater aiming angle) 188 were associated with longer hand reaction times, consistent with the idea that explicit aiming and implicit components to learning, is linked to individual differences in learning rates, and 7 can predict the expression of savings. 8
9
Previous research has examined natural gaze behaviour during adaptation to a visuomotor 10 rotation in the presence of visual landmarks. This study showed that without online cursor 11 feedback, gaze behaviour shifted from being slightly more often directed to the vicinity of the 12 visual target, around the time of hand movement onset, during early learning, to being more 13 often directed to the vicinity of the hand target during late learning (Rand and Rentsch, 14 aiming strategies, it is inconsistent with the well-characterized fast increase and then gradual 16 reduction of the explicit component during adaptation (e.g., current study; Taylor et al., 2014; 17
McDougle et al., 2015). We suspect that some of the discrepancy between this prior work 18 and our current findings reflects the fact that this prior work focused on (1) gaze locations 19 during single time intervals, which as we have shown is probabilistic rather than 20 circumscribed (see Figure 2C) , and, (2) an analysis of group data. Our current results are 21 able to directly link gaze fixations, prior to hand movement, to the explicit component of 22 learning and savings in a trial-by-trial fashion and individual participant basis. 23
24
Gaze behaviour as a substitute to verbal reporting 25
The large participant groups tested in the current study allowed us to divide individuals into 26 and found that participants aimed towards the target rather than an opposite aimpoint. This 105 discrepancy might be due to differences in the magnitude of the implicit component at the 106 time the rotation was removed. Namely, when the implicit component at the end of the 107 rotation block is small, as in the Morehead study (~10°), extinguishing the rotation will 108 produce only a small error between the target and the cursor position, which is less likely to 109 drive an aiming strategy (Bond and Taylor, 2015) . Notably, for many participants in oursuggesting that the implicit component was not, in fact, washed out (as explicit aiming was 112 being used to counteract it). Further research is needed to carefully unravel the complete 113 time course of the explicit and implicit components to deadaptation. 10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 
